p until the 1980's, the risk stratification of chronic heart disease was primarily based on the resting hemodynamic measurements. We know now, however, that hemodynamic measurements obtained at rest do not necessarily correlate with the clinical manifestations of heart failure. 1, 2 In 1991, Mancini et al 2 reported that oxygen uptake (V O2) at peak exercise, a noninvasive estimate of maximal cardiac output, is superior to resting left ventricular ejection fraction (LVEF) for predicting poor survival in patients with severe left ventricular dysfunction. A number of investigators since have closely examined the cardiopulmonary response of cardiac patients during exercise. 3 Less has been done, however, to clarify the speed of recovery of cardiopulmonary function after the termination of exercise in cardiac patients.
The first clear evidence of overshoot (further increase) of stroke volume after exercise was reported in 1990, in patients with coronary artery disease. 4 The phenomenon was attributed to a sudden decrease in end-systolic volume. Tanabe et al 5 reported the overshoot of cardiac output during recovery after maximal exercise in approximately one-third of patients with chronic heart failure. The patients with overshoot of cardiac output had lower maximal cardiac output during exercise than the patients without overshoot. 5 V O2 is equal to cardiac output × arterial -mixed venous O2 difference (C[a-v]O2). As such, an overshoot of cardiac output might result in an overshoot of V O2. Furthermore, O2-pulse (V O2/heart rate) is equal to the stroke volume × C[a-v]O2. Therefore, an overshoot of cardiac output, a phenomenon attributable to the overshoot of stroke volume, must also induce an overshoot of O2-pulse. Patients might also manifest an overshoot of CO2 output (V CO2) during recovery after exercise, along with the overshoots of V O2.
In the present study, we sought to explore 2 hypotheses: first, that the overshoots of V O2, O2-pulse, and V CO2 might occur during recovery from maximal exercise in patients with cardiac disease; and second, that these phenomena are related to the impaired cardiopulmonary response during exercise. We tested these hypotheses by determining the prevalence of these U Overshoot Phenomena of Respiratory Gas Variables overshoot phenomena in patients with cardiac disease and analyzing how the phenomena relate to the indices of cardiopulmonary exercise testing (CPX).
Methods

Study Patients
In total, 227 consecutive patients with various cardiac diseases who underwent CPX at the Cardiovascular Institute between January 2007 and December 2007 were enrolled in the study ( Table 1) . Coronary artery disease had been diagnosed by the presence of significant coronary stenosis, defined as a ≥75% reduction in the luminal diameter of coronary vessels or the presence of myocardial infarction diagnosed according to the World Health Organization criteria. 6 Patients with critical coronary stenosis, a condition generally thought to contraindicate CPX, were only included in the population if they had been treated beforehand by percutaneous coronary interven- included β-blockers (n=107), diuretics (n=93), angiotensinreceptor blockers (n=85), calcium-channel blockers (n=63), angiotensin-converting enzyme inhibitors (n=47), digitalis (n=31), and nitrates (n=20). The protocol was approved by the human subjects committee of the Cardiovascular Institute. Each patient was informed of the purposes and risks of the study and gave his or her informed consent.
Exercise Testing
An incremental symptom-limited exercise test was performed Table 1 . Overshoot Phenomena of Respiratory Gas Variables using an upright, electromagnetically braked cycle ergometer (Strength Ergo 8; Mitsubishi Electric Engineering Co, Ltd, Tokyo, Japan). The exercise test began with a 4-min rest on the ergometer followed by a 4-min warm-up at 0 W or 20 W at 60 rpm, then the load was increased incrementally by 1 W every 6 s (10 W/min). The work rate of the warm-up exercise (0 or 20 W) was set according to the subject's daily activity. The electrocardiogram was monitored continuously during the exercise test using a System ML-9000 (Fukuda Denshi Co, Ltd, Tokyo, Japan). Cuff blood pressure was measured at rest on the cycle ergometer and then every minute during exercise testing, with an automatic indirect manometer (FB-300; Fukuda Denshi Co, Ltd). Breath-by-breath V O2, V CO2, and minute ventilation (V E) were measured during the test with an AE-300S Respiromonitor (Minato Medical Science, Osaka, Japan) through a rubber mask attached to the subject's face, as previously described. 7, 8 The system was carefully calibrated before each test. Before the parameters from the respiratory gas analysis were calculated, a 5-point moving average of the breath-by-breath data was performed. The V O2, O2-pulse, and V CO2 at peak exercise were calculated as the average values obtained during the last 30 s of incremental exercise. The anaerobic threshold (AT) was determined by V-slope analysis. 9 The ratio of the increase in V O2 to the increase in the work rate (ΔV O2/ΔWR) was calculated by least-squares linear regression from the data recorded between 30 s after the start of incremental exercise to 30 s before the end of the exercise. 10 The slope of the increase in V E to the increase in V CO2 (V E-V CO2 slope) was calculated from the start of incremental exercise to the respiratory compensation point by least-squares linear regression. 10 The respiratory compensation point was determined by the following criteria: (1) the ratio of V E to V CO2 starts to increase after a period of decrease or stasis; and (2) the end-tidal PCO2 starts to decrease after a period of stasis. When the respiratory compensation point was difficult to clearly identify, the V E-V CO2 slope was calculated from the data recorded between the start of incremental exercise to the end of the exercise. 10 Echocardiography was performed in a resting condition at 9±17 days from the day of exercise testing in order to measure the LVEF, left ventricular diastolic (LVDd), and systolic dimensions (LVDs).
Definition of Overshoot
From our experience, a typical V O2 overshoot lasts approximately 1 min from termination of exercise, as demonstrated by the representative subject shown in Figure. Thus, the overshoot phenomenon for V O2 was defined by the following procedure: (1) visually identifying the overshoot of V O2, that is, the V O2 value during exercise recovery is higher than the V O2 at peak exercise; and (2) confirming that the average value of V O2 from 0 to 60 s after the termination of exercise was higher than the peak V O2, which was equal to the average value during the last 30 s of exercise. Overshoots for O2-pulse and V CO2 were identified in a similar manner. The magnitude of the overshoot of respiratory gas variables was calculated as the percentage of the increase in each variable during the first minute of exercise recovery as compared to that at peak exercise.
Statistical Analysis
All results are presented as mean ± SD. The subjects were di- Figure. O2 uptake (V O2), CO2 output (V CO2), and O2-pulse during exercise recovery in a representative subject who had overshoots of these 3 variables during recovery. Overshoot Phenomena of Respiratory Gas Variables vided into 2 groups according to the presence/absence of overshoot for V O2, O2-pulse, and V CO2. The statistical significance of differences for clinical, hemodynamic, and exercise variables between the 2 groups was determined by the unpaired t-test, or by Fisher's exact test, where appropriate. If the dispersion of the 2 groups was judged to be unequal in the F-test, the 2 groups were compared by using the Welch-test. Differences at P<0.05 were considered statistically significant.
Results
The end-point of exercise testing was chest pain in 2 patients and leg fatigue or shortness of breath in the other 225. The overshoot of V O2 during recovery from exercise was identified in 11 of 227 patients, and had a magnitude of 7.4±8.2%.
Comparisons of the clinical characteristics between patients with V O2 overshoot during exercise recovery and those without it are presented in Table 1 . There were no significant differences in gender, age, height, weight or BMI between the 2 groups. The prevalence of idiopathic dilated cardiomyopathy and that of hypertrophic cardiomyopathy were higher in patients with a V O2 overshoot than in those without it. As compared to the patients without a V O2 overshoot, those with V O2 overshoot had significantly lower LVEF (39. The overshoot of O2-pulse during recovery from exercise was noted in 43 patients, including 10 patients who had a V O2 overshoot, and the magnitude of this overshoot was 9.5±10.1% ( Table 2) . Similar to the patients with a V O2 overshoot, the patients with an O2-pulse overshoot had significantly lower LVEF and larger LVDd and LVDs, as compared to those without an O2-pulse overshoot. The patients with an O2-pulse overshoot also had significantly lower values of peak V O2, AT and ΔV O2/ΔWR, and a significantly higher V E-V CO2 slope.
The overshoot of V CO2 during recovery from exercise was noted in 12 patients and had magnitude of 7.2±8.9% (Table 3) . Among these patients, 7 also had a V O2 overshoot and 9 had an O2-pulse overshoot. Similar to the patients with a V O2 overshoot and those with an O2-pulse overshoot, the patients with a V CO2 overshoot had a significantly lower peak V O2, lower LVEF, and larger LVDs, compared to those without a V CO2 overshoot.
Discussion
The findings of the present study revealed the overshoot phenomenon of V O2 during recovery from symptom-limited maximal exercise testing in approximately 5% of patients with cardiac disease. This phenomenon has been reported previously, especially in patients with coronary artery disease. 4 Yet, unlike the earlier reports, the present report is the first to demonstrate that more than half of the cases with a V O2 overshoot also have a V CO2 overshoot. The overshoot of an O2-pulse was noted more frequently, that is, in approximately 19% of our subjects. The overshoot phenomena of respiratory gas variables were related to decreased resting LVEF and to abnormal CPX indices during exercise.
Peak V O2, a gold standard of exercise capacity, generally reflects maximal cardiac output in cardiac patients. The V E-V CO2 slope ranges from approximately 24 to 34 in healthy subjects, and a steeper slope implies poor prognosis in cardiac patients. 10- 12 The ΔV O2/ΔWR generally measures approximately 10 ml · min -1 · W -1 in normal subjects and drops to lower levels according to the impaired response of cardiac output during incremental exercise. 13 Decreased values of peak V O2, AT, and ΔV O2/ΔWR can usually be seen in patients with coronary artery disease depending on its severity, valvular disease (especially stenotic valvular disease), dilated and hypetrophic cardiomyopathy, and other cardiac diseases with exerciseinduced left ventricular dysfunction. A steep V E-V CO2 slope during exercise is assumed to relate mainly to a ventilationperfusion mismatch. Therefore, a steep V E-V CO2 slope implies the presence of heart failure, regardless of the etiology of cardiac disease. Concomitant lung disease might also steepen this slope. The significant relationship between the overshoot phenomena of respiratory gas variables and abnormal CPX indices found in the present study suggests that the overshoot phenomena of respiratory gas variables during recovery from maximal exercise stem, at least in part, from the impaired cardiopulmonary function during exercise.
Mechanisms Underlying the Overshoot of Respiratory Gas Variables
In 2000, the overshoot phenomenon of cardiac output during the early phase of recovery after maximal exercise was reported in patients with chronic heart failure. 5 This phenomenon was due to the overshoot of stroke volume during recovery. 5 V O2 is equal to cardiac output × C(a-v) O2 difference. V O2 overshoot thus occurred probably as a consequence of the sudden increase in cardiac output, that is, the sudden increase in pulmonary blood flow. Stroke volume during recovery after exercise is controlled by cardiac contractility and afterload reduction, processes related to the sympathetic and parasympathetic nervous systems and the production of nitric oxide. 14- 17 The blood norepinephrine concentration during the early phase of recovery after moderate-to high-intensity exercise stays at a level similar to that reached during maximal exercise, then decreases exponentially thereafter. 15 Thus, the overshoots of stroke volume and cardiac output in cardiac patients and the subsequent overshoot of V O2 probably stem from an imbalance between sustained cardiac contractility resulting from a relatively slow decrease in norepinephrine concentration and an immediate afterload reduction partly caused by the time course of nitric oxide production. It has been reported that catecholamine sensitivity is reduced in failing hearts. 18 Thus, the overshoots of cardiopulmonary variables during recovery after exercise might be related to the possible delay in response to catecholamine for patients with heart failure.
Correlation Between V O2, V CO2, and O2-Pulse V CO2 tightly tracks V O2, especially when V O2 suddenly changes. At the start of exercise, the kinetics of V O2 and V CO2 are characterized by the abrupt increase in pulmonary blood flow following the increases in heart rate and stroke volume. 19 This takes place before blood from the exercising muscles appears in the lungs. The composition of this blood is determined under conditions at rest, hence V O2 and V CO2 both increase by the same rate. During mild to moderate exercise, V CO2 is determined primarily by the V O2, depending on the muscle substrate. At times of relatively high exercise intensity, the V CO2 is also influenced by the production of lactic acid, because the buffering of lactic acid by bicarbonate produces
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additional CO2. During recovery, there is no further increase in lactic acid. As such, we speculate that the V CO2 overshoot is simply caused by the time course of V O2, that is, the V O2 overshoot. A previous investigation by Stringer et al 20 recognized the O2-pulse as a noninvasive estimate of stroke volume during exercise in both normal subjects and cardiac patients. In the present study, the overshoot of the O2-pulse during exercise recovery appeared more frequently than the V O2 overshoot. This stands to reason, as the overshoots of both cardiac output and V O2 originate from the overshoot of stroke volume. Even in patients with an overshoot of stroke volume, the rapid decrease in heart rate might circumvent any overshoot of cardiac output. Similarly, the rapid recovery of C(a-v)O2 might circumvent any overshoot of V O2 in patients with an apparent overshoot of cardiac output. This probably explains why V O2 overshoots were less frequent than O2-pulse overshoots in our patients.
Study Limitations
The etiology of cardiac disease was heterogeneous in our study subjects, and the left ventricular function was relatively preserved. Given that the presence of overshoot of respiratory gas variables must depend on the degree of cardiopulmonary dysfunction, the overshoots might be more frequent in subjects with more impaired left ventricular dysfunction. The overshoot phenomena of respiratory gas variables probably appear in cardiac diseases of any form, and not specifically in association with the etiology of cardiac disease. 21, 22 Most of the patients in the present study performed a pedaling cool-down at 0 W for approximately 1 min after the cessation of exercise, in order to prevent a sudden decrease in blood pressure or any other adverse effect related to the parasympathetic reflex. This cool-down pedaling might have influenced the prevalence and magnitude of the V O2 overshoot. 23 In 2 patients, the end-point of exercise testing was chest pain. Of these 2 cases, 1 patient with a peak exercise R of 1.17 showed an overshoot of O2-pulse. The other patient with a peak exercise R of 1.06 did not show the overshoot phenomenon for any variable. The early termination of exercise, such as that for this patient, might have partly influenced the present findings and have decreased the frequency of the overshoot phenomenon.
It has been reported that heart rate decreases faster in patients with milder cardiac disease. 24 If the heart rate rapidly decreases after maximal exercise, the O2-pulse can increase without the presence of a V O2 overshoot. Thus, the overshoot phenomenon of the O2-pulse might theoretically occur in relatively healthy subjects. In the present study, ΔHR (HR at peak -HR at 1 min of recovery) was significantly greater in patients with an O2-pulse overshoot than those without it ( Table 2) . However, patients with an O2-pulse overshoot had a significantly lower LVEF and larger LVDd and LVDs, as compared to those without an O2-pulse overshoot. Also, the patients with an O2-pulse overshoot had more impaired cardiopulmonary function during exercise, as reflected in a lower peak of V O2, AT and ΔV O2/ΔWR, and a higher V E-V CO2 slope. Thus, we assume that the overshoot of the O2-pulse is mainly attributed to cardiopulmonary dysfunction during exercise in patients with relatively severe cardiac disease rather than to the rapid heart rate recovery in patients with a mild disease.
Clinical Implications
CPX yields a wealth of information beyond the parameters obtained at rest and those from standard exercise testing, for the management of complex cardiovascular and pulmonary disease. 3 CPX is recognized as a useful clinical tool for evaluating the severity of disease 25-27 and for identifying patients with a poor prognosis in cardiac patients. 2 Similar to the established CPX indices, the presence of overshoot phenomena of respiratory gas variables during recovery after exercise testing might reflect the poor prognosis in cardiac patients. Or the combination of CPX indices and the presence of overshoot phenomena might further increase the prognostic power of CPX. These issues, however, remain to be clarified in future studies.
Conclusion
The overshoot phenomena of V O2, O2-pulse, and V CO2 during recovery after maximal exercise were respectively found in 5, 19, and 5% of cardiac disease patients with relatively preserved LVEF, and correlated with impaired cardiopulmonary function during exercise. These phenomena are probably attributable to the overshoot of stroke volume and are indicative of a transient mismatch between cardiac contractility and afterload reduction.
